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Introduction
Aflatoxin B 1 (AFB 1 ) is a known human carcinogen that significantly contributes to the burden of hepatocellular carcinoma (HCC) in many parts of the world, especially in areas with a warm and moist climate such as Asia and sub-Saharan Africa . A critical mechanism responsible for the hepatotoxic and carcinogenic potential of AFB 1 is based on the balance of its bioactivation and detoxification (Figure 1 ). Several lines of evidence indicate that variation in the extent of glutathione (GSH) conjugation of the ultimate carcinogen, AFB 1 -8,9-epoxide, by glutathione S-transferases (GSTs) is an important detoxification pathway. Treatment of rats with oltipraz and 3H-1,2-dithiole-3-thione (D3T) leads to marked increases in the activity of liver GSTs, which resulted in reductions in both the extent of aflatoxin-DNA adduction and tumorigenesis (Kensler et al., 1987) . The inducible A5 subunit of alpha-class GSTs in the rat has been identified as the GST isozyme that is primarily responsible for the enhanced detoxification of the AFB 1 -8,9-epoxide by chemopreventive agents (Hayes et al., 1998) . Modulation of GST activity is only one mechanism by which exogenous agents can influence aflatoxin carcinogenesis. This paper probes additional pathways.
Sulforaphane (SF), a potent isothiocyanate derivative found in broccoli and other cruciferous vegetables (Fahey et al., 1997) has received attention as a chemopreventive agent due to its ability to activate the transcription factor Nrf2 and induce phase II detoxification enzymes, including the GSTs (Fimognari and Hrelia, 2007; Myzak and Dashwood, 2006; Thimmulappa et al., 2002) . Recent evidence illustrates protective effects of SF against AFB 1 -induced hepatotoxicity in rats attributable to increased GST expression. Treatment of rats with SF hepatic total GST activity and a proportional reduction in the amounts of AFB 1 -N 7 -guanine (the principal DNA adduct of AFB 1 ) formed in liver DNA (Fiala et al., 2011) . Previous studies, however, have also identified additional chemopreventive mechanisms for SF that are independent of phase II enzyme induction. SF induces apoptosis in both in vitro (Carmela Fimognari et al., 2004; Karmakar et al., 2006) and in vivo models (Singh et al., 2004) . SF-mediated cell cycle arrest has been reported in many previous studies, including induction of a dose-dependent growth arrest in prostate cancer cells by inhibiting the expression of cyclin D1 and DNA synthesis, along with a G1 cell cycle block (Chiao et al., 2002) and induction of G2/M accumulation and pre-metaphase arrest in bovine aortic endothelial (BAE) cells (Jackson et al., 2007) . SF also exerts antiinflammatory properties by inhibiting pro-inflammatory and pro-carcinogenic signaling factors such as IL-1β (Lin et al., 2008) , COX-2 and TNF-α (Heiss et al., 2001) . Understanding these phase II-independent pathways provides the rationale for the current project.
Cell regeneration and survival responses signal metabolic reprogramming that supports anabolic pathways required for tissue repair and growth (Ward and Thompson, 2012) . The Keap1-Nrf2 complex, which is activated by SF, has been demonstrated to influence intermediary metabolism (Hayes and Dinkova-Kostova, 2014) . This study aimed to assess the extent to which anabolic pathways modulated by SF provide protective mechanisms against AFB 1 toxicity in vivo. The results revealed prominent reprogramming of gene sets involved in lipid synthesis in SF-pretreated rats, suggesting that SF facilitates regeneration of hepatic cells damaged by AFB 1 .
Materials and methods

Chemicals
R,S-Sulforaphane (SF) was purchased from LKT Laboratories (St. Paul, MN). Aflatoxin B 1 (AFB 1 ) was purchased from Sigma Chemical (St. Louis, MO). RNAlater, RNeasy Mini Kit, and One-Step QuantiTech SYBR Green RT-PCR were obtained from QIAGEN (Valencia, CA). One-Cycle Target Labeling and Control Reagents complete kit (P/N 900493) and GeneChip ® Rat Genome 230 2.0 arrays (Rat 230 2.0) were obtained from Affymetrix, Inc. (Santa Clara, CA). R-Phycoerythrinstreptavidin (SAPE) was purchased from Molecular Probes (Eugene, OR) and biotinylated, anti-streptavidin goat antibody was purchased from Vector Laboratories (Burlingame, CA). Reagent grade goat IgG was purchased from SigmaAldrich (St. Louis, MO). Nuclease-free water was obtained from Ambion (Austin, TX). DNA primers for real time RT-PCR were ordered from Integrated DNA Technologies (Coralville, IA). Unless otherwise noted, all other chemicals and reagents were of ACS grade or better.
Animals
Male Sprague Dawley rats (21 days old; Charles River, Wilmington, MA) were fed the AIN76A diet (TestDiet, Richmond, IN) for one week prior to the start of the experiment. They were housed individually in facilities maintained at standard relative humidity and temperature, and 12 h: 12 h light: dark conditions, with food and water available ad libitum. All procedures involving animals followed NIH guidelines and protocols approved by the Massachusetts Institute of Technology Committee on Animal Care.
Treatment Protocol
Treatment groups consisted of 12 male Sprague Dawley rats randomly assigned into four groups of three. Rats were gavaged with corn oil or with 0.7 mmol/kg SF dissolved in corn oil at 30, 32, and 34 days of age (Figure 2) . A previously performed dose-response study in male rats revealed that 0.7 mmol/kg SF was optimal for GST induction (Fiala et al., 2011) . Twenty-four h after the third dose, animals in each group were injected intraperitoneally with 25 µg AFB 1 in DMSO. All animals were sacrificed at 4 h or 24 h after AFB 1 administration. This experimental protocol is schematically illustrated in Figure 2 . Livers were collected and submerged in RNAlater for further gene expression profiling by microarray and for validating the microarray results by RT-PCR.
RNA isolation procedure
Total RNA was isolated from RNAlater-stabilized rat livers using QIAshredder homogenization and RNeasy ® Mini Kit from QIAGEN (Valencia, CA). Total RNA was isolated and purified by a procedure performed as described in QIAGEN's RNeasy ® Animal Tissues protocol. The isolation method included a DNase digestion step according to the manufacturer's instructions. Concentration and purity of isolated total RNA were preliminarily verified by checking the absorbance at 260 nm and 280 nm using a DU 730 UV/Vis spectrophotometer (Beckman Coulter, CA, USA). The integrity of total RNA was assessed qualitatively by gel analysis using RNA 6000 Nano chips on an Agilent 2001 (Agilent technologies, Berlin, Germany). RNA samples were used for gene expression analysis by microarray and RT-PCR.
Microarray preparation procedure
All procedures were performed as described in detail in the Affymetrix GeneChip ® Expression Analysis Technical Manual. Biotin-labeled cRNA samples for hybridization on GeneChip ® Rat 230 2.0 arrays were prepared using the "One-Cycle Target Labeling and Control Reagents complete kit." A set of poly-A controls supplied in the kit was used as a positive control to monitor the entire target labeling process. Total RNA (15 µg) was reverse transcribed using a T7-oligo(dT) Promoter Primer in the first-strand cDNA synthesis reaction. Following this step, the process of RNase H-mediated second-strand cDNA synthesis was performed. The double-stranded cDNA was purified according to the Sample Cleanup Module protocol supplied with the kit and served as a template in the subsequent in vitro transcription (IVT) reaction. The IVT reaction was performed in the presence of T7 RNA Polymerase and a biotinylated nucleotide analog/ribonucleotide mix for complementary RNA (cRNA) amplification and biotin labeling. The biotinylated cRNA was spectrophotometrically quantified prior to purifification and fragmentation in buffer supplied with the Sample Cleanup Module. Subsequently, the purified fragmented cRNA samples were hybridized to GeneChip ® Rat 230 2.0 arrays (Rat 230 2.0) for 16 h at 45 °C in an Affymetrix Hybridization Oven 640. The microarrays were washed and stained with streptavidin-phycoerythrin (SAPE) on an Affymetrix Fluidics Station 450. A signal amplification step was included according to the manufacturer's instructions. Fluorescent images were read using an Affymetrix ® GeneChip ® Scanner 3000.
Microarray data analysis
Raw data image files (DAT) were converted into CEL files using the Affymetrix Microarray Suite (MAS) 5.0. Probe-level intensity measurements were normalized using the Robust Multi-Array Average (RMA) method (Irizarry et al. 2003) . The normalized signal intensities for each gene were averaged across three independent biological replicates (three rats for each experimental time point group). Differential expression was calculated using Spotfire DecisionSite ® (TIBCO Software Inc., Palo Alto, CA). A significant difference in the expression of genes in the livers between SF-pretreated, AFB 1 -exposed rats and the corresponding non-SF pretreated, AFB 1 -exposed rats time-matched control groups was defined as the point at which the average fold change was greater than ±1.5 and the P-value was less than 0.05 (t-test). Spotfire was also used for visualization purposes, hierarchical clustering, and for searching the genes among categories. The WEB-based GEne SeT AnaLysis Toolkit (WebGestalt), which is available at http://bioinfo.vanderbilt.edu/ webgestalt/, was used for statistical enrichment analyses of differentially expressed genes (Zhang et al., 2004 (Zhang et al., , 2005 . WebGestalt was used to analyze probe sets with ±1.5 fold or greater differential expression (P< 0.05) in the livers between SF-pretreated, AFB 1 -exposed rats and the corresponding non-SF pretreated, AFB 1 -exposed rats time-matched control groups against all probe sets available on the GeneChip ® Rat 230 2.0 array. Gene ontology categories were considered statistically enriched when the P-value was 0.01 or less.
Cytoscape, an open source bioinformatics software platform, was used for analyzing the gene-encoded protein interactions that were statistically deregulated in this study (Cline et al., 2007) . GenMapp (Gene Map Annotator and Pathway Profiler) , the open source bioinformatics software that is available on www.GenMapp.org (Gladstone Institutes, University of California at San Francisco), was used to visualize gene expression data on maps representing biological pathways.
Quantitative real-time RT-PCR for microarray results validation
Six to ten genes from each experimental group under study were selected as targets for realtime RT-PCR to validate the microarray results. All primer sets were designed using Primer3 (Rosen and Skaletsky, 2000) , which is available at http://www-genome.wi.mit.edu/ cgibin/primer/primer3.cgi/. The specificity of each primer was checked by BLAST searches. The oligonucleotide sequences of forward and reverse primers used for microarray results validation by RT-PCR in experimental groups of animals that were sacrificed at 4 h and at 24 h time points are shown in Tables 1 and 2 , respectively. Reverse transcription and PCR were performed following the manufacturer's instructions using One-Step QuantiTech SYBR Green RT-PCR. Reverse transcription and PCR amplification were performed on a DNA Engine Opticon Thermal Cycler (MJ research, Waltham, MA). Data were analyzed using Opticon Monitor Software Cycler (MJ research, Waltham, MA). The background fluorescence was subtracted using the global minimum function available in the software. A standard dilution of a control sample was used to generate the standard curve. Melting curve analysis was used for quality control and data from samples with outlier melting temperatures were not used. As an endogenous control, the mRNA level of the housekeeping enzyme GAPDH was used to normalize the mRNA level reported for each gene.
Statistical analysis
Gene expression changes are presented as the average fold change between SF-pretreated, AFB 1 -exposed rats and the corresponding non-SF pretreated, AFB 1 -exposed rats timematched control groups. Differences between various groups were determined using a two sample t-test, with statistical significance set at P<0.05.
Results
Gene expression analysis
The goal of this study was to compare the response of rat liver to aflatoxin alone, or aflatoxin in concert with SF. The transcriptional responses in the livers of AFB 1 -treated male rats induced by SF were investigated using a DNA microarray, an established tool to assess global gene expression changes. Groups of rats were pretreated with 0.7 mmol/kg SF by gavage at ages 30, 32, and 34 days, a dose previously shown to induce GSTs significantly and result in a substantial reduction of AFB 1 -N 7 -guanine adduct levels in the livers of male rats (Fiala et al., 2011) . Control animals received corn oil at a comparable volume. On day 35, 25 µg of AFB 1 was given to all animals by intraperitoneal injection. This dose has previously been utilized in a multi-dose regimen to induce liver tumor formation in male Fischer rats (Egner et al., 1995) . Livers from three animals per time point (4 h and 24 h) after AFB 1 dosing were collected to investigate the response to SF treatment at the transcriptional level. Liver RNA was isolated as described, and subjected to microarray hybridization with arrays that contained 31,100 probe sets representing over 28,000 wellsubstantiated rat genes. Data were normalized using the Robust-Multi-Chip Average method. The deregulated genes were selected with a requirement of at least 1.5-fold change with respect to the mean intensity of the control groups. The numbers of genes are given both as probe sets and as non-redundant genes to account for the fact that one gene can be represented by several probe sets on the arrays. The number of probe sets and the corresponding numbers of up-and down-regulated genes obtained by these analyses are given in Table 3 . At 4 h, 81 probe sets representing 78 non-redundant genes were significantly deregulated, with 53 genes up-regulated and 25 genes down-regulated. At 24 h, 110 probe sets representing 97 non-redundant genes were shown to be significantly deregulated; 51 genes upregulated and 46 genes downregulated.
Microarray validation
Six to ten genes from each experimental group were selected as targets for real-time RT-PCR to validate the microarray results. The mean fold-change of all samples from identically SF-and AFB 1 -treated animals versus time-matched AFB 1 -treated controls were compared between microarray and real-time RT-PCR results. As shown in Figure 3 , the RT-PCR analysis corroborated the microarray results. A regression coefficient (R s ) of 0.926 and an R 2 of 0.857 between the fold changes obtained from the two techniques confirmed that the gene expression changes detected by microarray represented actual deregulations ( Figure  4 ).
Functional analysis
To identify the pathways affected by SF in livers of AFB 1 -treated rats at 4 h and 24 h, each significantly deregulated gene was categorized according to its best known biological function. All recent gene annotations and information were obtained from NetAffx (Affymetrix, Inc.), the National Center for Biotechnology Information (NCBI) and Spotfire. It should be noted that gene categorization is imperfect as some genes are representative of more than one category. Numbers of significantly deregulated non-redundant genes assigned to their biological function categories at 4 h and 24 h are shown in Figures 5 and 6 , respectively. Data of Expressed Sequence Tags (ESTs) and genes whose biological functions are not known or could not be specified with reasonable certainty were excluded.
The results showed that most of the genes deregulated at 4 h are involved in "Transcription", whereas most of those deregulated at 24 h are involved in "Lipid metabolism". Among the several functional groups classified, however, only three gene ontology categories related to biological processes were relatively enriched in the 4 h group. Table 4 shows gene ontology enrichment observed in the 4 h animals. The most highly enriched category in this experimental group was "Establishment and/or maintenance of cell polarity" (R=20;
P=0.0045).
Cell polarity is an essential feature of many animal cells; during cell division, the mitotic spindle aligns to the axis of cell polarity to correct the positioning of daughter cells and ensure that the localized molecules are properly distributed to the daughter cells. Within this category, two genes were significantly up-regulated, namely Discs large homolog-1 (Dlgh1) and Protein kinase C, iota (PKCζ). These two genes also play a role in controlling cell growth and survival. Dlgh1 is a membrane-associated guanylate kinase that functions as a molecular scaffold for the organization of signal tranducers within cells. It plays a key role in the regulation of T cell function including activation of the mitogen-activated protein (MAP) kinase p38 (Round et al., 2007; Zanin-Zhorov et al., 2012) . Cytokines and chemokines expressed by T cells have crucial roles in liver regeneration and tumor promotion (Grivennikov et al., 2010) . The Dlgh1 protein can also function as a growth regulator through interaction with the carboxyl-end of the tumor suppressor adenomatous polyposis coli (APC) protein (Ishidate et al., 2000) . PKCζ is a member of the atypical PKC group that is an important regulator of inflammatory and survival pathways. It acts as a positive regulator of NF-κB (Diaz-Meco and Moscat, 2012) which plays an important role in the innate immune response, inflammation and cell survival (Sun and Karin, 2008; Karin et al., 2002) . The second highest enriched category was "Positive regulation of development" (R=9.7; P=0.0034) with the other enriched category being "Transcription, DNA-dependent" (R=2.5; P=0.0031). The list of deregulated genes in each enriched category in the 4 h experimental group is shown in Table 5 .
Among several functional groups of genes classified in the 24 h group, there are eight gene ontology categories in biological processes that were shown to be relatively enriched (Table  6 ).
The most enriched of these was "Acetyl-CoA biosynthesis" (R= 50; P=0.0007), which contained two up-regulated genes, ATP citrate lyase (Acly) and dihydrolipoamide Sacetyltransferase (Dlat). The second most enriched category was "Iron ion homeostasis" (R=16.67; P=0.0059), which contained one highly up-regulated gene, Transferrin receptor (Tfrc), and one markedly down-regulated gene, Hepcidin antimicrobial peptide (Hamp). Both proteins play roles in cellular iron uptake and transport. The rest of the enriched categories in this experimental group were identified as "Cellular lipid metabolism", "Lipid metabolism", "Fatty acid metabolism", "Organic acid metabolism", "Carboxylic acid metabolism", and "Lipid biosynthesis" (P=0.0068). As suggested by their names, these categories shared a similar list of genes (see Table 7 ). Eight molecules that play roles in glycolysis and lipid metabolism could be integrated into the network as shown in Figure 7 .
Molecules that were involved in metabolism were mapped into the common metabolic pathways of glycolysis, the TCA cycle, fatty acid synthesis and fatty acid β-oxidation. The pathways were combined and formatted to illustrate graphically how SF affects biochemical networks in AFB 1 -treated rat liver cells (see Figure 8 ).
Discussion
AFB 1 is one of the major risk factors for development of liver cancer, especially when it is present in concert with hepatitis B infection (Groopman and Kensler, 2005) . Epidemiological investigations in human populations reveal an association of increased incidence of HCC with increasing dietary contamination by AFB 1 (Wild and Gong, 2010) . As the fungal species that produces AFB 1 is ubiquitous, reduction of AFB 1 exposure from ingestion may be problematic and impractical in certain areas of the world. Chemoprevention, that is the use of natural or synthetic agents to retard, block, or reverse the carcinogenic process, is an attractive strategy to mitigate the impact of AFB 1 toxicity in high risk populations.
We recently showed that SF is a potent inducer of hepatic GST activity and reduces the amount of AFB 1 -N 7 -guanine formed in liver DNA in both sexes of Sprague Dawley and Fischer rats (Fiala et al., 2011) . Our current study was carried out in an effort to understand further the in vivo mechanisms underlying the chemo-preventive action of SF against AFB 1 -induced liver cancer. Male animals were used because males are more sensitive to AFB 1 than females. Effects of SF on biological networks of rat livers following AFB 1 -DNA adduction were explored by using microarray and RT-PCR techniques at two different time points, 4 h and 24 h, after AFB 1 administration.
In the group of rats sacrificed 4 h after AFB 1 administration, deregulation of a set of genes involved in signal transduction, transcription, and positive regulation of development was observed. While only three rats were used to keep the experiment at a manageable level, good statistical results were obtained. The results showed that SF enhanced the expression of genes involved in cytokine responses in a manner that would be expected to "favor" cell survival and regeneration. The expression changes observed in these gene sets may reflect the activation of signal transduction pathways required for the reprogramming of metabolic pathways to support anabolic growth in hepatocytes in the wake of cellular damage caused by AFB 1 exposure.
At 24 h after AFB 1 administration, up-regulation of transferrin receptor (Tfrc) expression is interpreted as a sign of hepatocyte regeneration. Transferrin receptors are expressed ubiquitously on proliferating cells (Besançon et al., 1987; Galbraith and Galbraith, 1981) and the interaction between transferrin and its receptor plays a crucial role in cell growth (Besançon et al., 1987) . In addition, a shift in the dynamics of metabolic pathway regulation appears to have occurred upon SF pretreatment of AFB 1 -dosed male rats; for example, an induction of genes that play roles in cellular lipid biosynthesis and acetyl-CoA biosynthesis was evident 24 h after the AFB 1 was administered. The enhanced gene expression profiles in these rats could be a response aimed at generating and maintaining pools of intermediate molecules needed for anabolism (DeBerardinis et al., 2007; Molenaar et al., 2009 ).
Some of the gene expression changes observed in livers of SF-pretreated, AFB 1 -dosed rats are reminiscent of changes induced during aerobic glycolysis (i.e., in tissues displaying the Warburg effect). The Warburg effect is postulated as a metabolic shift in energy production from oxidative phosphorylation to glycolysis, even in the presence of oxygen (Garber, 2004; Kim and Dang, 2006) . In cancer cells, this metabolic switch allows the cell to maintain bioenergetics and a rigorous biosynthetic program during growth and proliferation (Jones and Thompson, 2009 ). Moreover, this metabolic switch toward glycolysis for energy production may favor cell growth in the tumor microenvironment (Gatenby and Gillies, 2004) . Normal proliferating cells, such as primary lymphocytes, reveal similar patterns to those seen in cancer cells in their reliance on aerobic glycolysis to meet their bioenergetic needs (DeBerardinis et al., 2008; Jones and Thompson, 2007) . In the present study, we see similar adaptations that effect pathways of glycolysis, the TCA cycle, fatty acid synthesis and fatty acid β-oxidation as shown in Figure 8 .
Increases of pyruvate kinase (Pklr), dihydrolipoamide S-acetyltransferase (Dlat; the E2 component of the pyruvate dehydrogenase complex), and pyruvate dehydrogenase (Pdh) gene expression were observed in livers of male rats that received SF and were sacrificed 24 h after AFB 1 administration. Increased expression of these enzymes, taken together, favor uptake of pyruvate into mitochondria, where it is converted to acetyl-CoA and enters the tricarboxylic acid (TCA) cycle. The acetyl-CoA entering the TCA cycle condenses with oxaloacetate (OA) to form citrate and then, rather than continuing in the TCA cycle, the citrate thereby formed is shunted to the cytoplasm of growing cells, where ATP citrate lyase (ACLY) converts it to cytoplasmic acetyl-CoA, which is required for lipogenesis (Ballard and Hanson, 1967) . Lipid synthesis is very important in proliferating cells as phospholipids are a major structural component of biological membranes; examples include glycerolphospholipids, sphingolipids, and galactolipids (Nelson and Cox, 2009 ). Thus, this pathway's upregulation by SF may be an important metabolic strategy to supply extramitochondrial acetyl-CoA for lipogenesis (Ballard and Hanson, 1967) . The results of this study also show that malic enzyme (Me), the cytosolic version of malate dehydrogenase (Mdh), and ATP citrate lyase (Acly) were induced. In order to sustain lipogenesis, cells must have abundant citrate synthesis in mitochondria. Mitochondrial OA is consumed during citrate production, and its level must be restored after transport of citrate to the cytoplasm in advance of lipid biosynthesis. Cytosolic Mdh works in series with Me in a pathway shunt that helps maintain mitochondrial OA levels. In addition to providing cells with biosynthetic precursors, another important feature of this shunt is the trans-hydrogenation of NADH to NADPH by Me working in concert with Mdh. This series of reactions augments the available extra-mitochondrial NADPH needed to support lipogenesis (Ballard and Hanson, 1967) . It is also possible that the generated NADPH would facilitate aflatoxin dialdehyde reduction as part of a detoxification strategy (Kelly et al., 2002) . Moreover, aflatoxin treatment may deregulate glutathione metabolism, and the NADPH produced by this shunt may be used to maintain thiol pool homeostasis (Pashkov et al., 2005) . We also note that glucose-6-phosphate dehydrogenase (G6pd) was increased in expression, although this enhancement did not reach the threshold for statistical significance. This enzyme is the portal to the pentose phosphate pathway, another major source of NADPH to support reductive biosynthesis. These changes are consistent with Nfr2-regulated genes that have been identified in Nrf2-deficient mouse models (Kwak et al., 2003; Wu et al., 2011) .
Up-regulation of sterol regulatory element binding protein-1 (Srebp-1) in this group of SFtreated animals may also reflect active cellular membrane synthesis. SREBPs are a family of basic helix-loop-helix-leucine zipper transcription factors (Horton et al., 2002; Rawson, 2003 ) that play crucial roles in regulating lipid homeostasis in vertebrate cells (Horton et al., 2002) . At present, three isoforms of Srebps have been identified; Srebp-1a, Srebp-1c, and Srebp-2 Miserez et al., 1997) . Srebp-1a and Srebp-1c are produced from a single gene with the use of alternate promoter start sites, while Srebp-2 is produced from a separate gene . All are believed to form a homodimer to bind to the sterol regulatory elements (SREs) . The three isoforms have different functions in the regulation of lipid synthesis. Evidence from many previous in vivo studies suggests that Srebp-1c is more active in enhancing lipogenic enzyme gene expression, whereas Srebp-1a and Srebp-2 are more specific to cholesterogenic genes. As shown in Figure 7 , in this study, key lipogenic enzymes that are Srebp-1 target genes were up-regulated; Fatty acid synthase (Fasn), Elongation of long chain fatty acids protein 6 (Elovl6), Acly and Me (Horton et al., 2002; Kumadaki et al., 2008) . FASN is a multienzyme complex that plays a central role in fatty acid synthesis (Nelson and Cox, 2009 ). ELOVL6 exhibits fatty acyl-CoA elongase activity specific for long chain fatty acids and is important for tissue fatty acid composition (Kumadaki et al., 2008) . ACLY, as mentioned above, plays an early biochemical role in de novo fatty acid biosynthesis. Thus, the increase of Srebp-1 expression observed in this study is consistent with a role for SF as an inducer of lipogenic enzymes in AFB 1 -teated animals.
In addition to lipid-generating enzyme genes, the results showed the induction of the thyroid hormone responsive protein (Thrsp) mRNA transcript. Thrsp expression is also driven by SREBP-1 (Azzout- Marniche et al., 2000; Martel et al., 2006) . Lipogenesis in tissues that synthesize fatty acids for use as fuel, such as liver, adipose and lactating mammary gland, is often regulated by thyroid hormone (Brown et al., 1997) . Induction of the THRSP protein is likely to have occurred because its protein level usually parallels that of its mRNA (Kinlaw et al., 1989) . The study of Brown and coworkers (1997) revealed that THRSP protein participates in induction of lipogenic enzyme genes, Fasn, Acly and Me, and glycolytic enzyme genes, such as Pklr and the gluconeogenic gene for phosphoenolpyruvate carboxykinase (Pepck). The mRNA transcripts for all of these enzymes were elevated in this study, except Pepck. Although THRSP can up-regulate Pepck gene expression, SREBP-1 has a negative role in Pepck transcription. It has been proposed that SREBP-1c is an intermediate in the action of insulin on Pepck gene transcription (Chakravarty et al., 2001) . SREBP-1c markedly decreases the basal level of cytosolic Pepck mRNA in isolated hepatocytes by blocking the interaction of specific transcription factors involved in cAMP regulation of Pepck gene transcription with cAMPbinding protein (Chakravarty et al., 2001 ). This result is consistent with an in vivo study, where hepatic Pepck mRNA levels were suppressed by overexpression of Srebp-1a and -1c in the SREBP transgenic mice (Yamamoto et al., 2004) . The down-regulation of Pepck observed in this study seems logical. Pepck is a gluconeogenic enzyme and its expression would be counter to expectations given our other observations indicating strong activation of glycolysis. Gluconeogenesis and glycolysis thus appear to be reciprocally regulated in this study, as expected.
In summary, the gene expression data presented herein provide a snapshot of the genetic network perturbed by SF treatment in AFB 1 -treated rats. The data suggest a SF-mediated adaptive response of cells following AFB 1 -induced cell damage. The gene expression data provide new insights into the molecular environment that exists in damaged cells pre-treated with the cancer chemopreventive agent, SF. Studies of this nature may prove useful in continuing efforts to identify novel pathways that could be induced or suppressed in an effort to ameliorate the risk for liver cancer created by exposure to aflatoxin. Pathway of metabolic activation of aflatoxin B 1 and disruption of the pathway by sulforaphane (SF). Aflatoxin is metabolized by cytochrome P450 (Cyp450) oxidases to the 8,9-epoxide, which reacts with DNA to form DNA adducts with guanine residues. The guanine adducts are presumably the functional precursors to carcinogenesis and significant contributors to toxicity. SF induces glutathione transferases (GSTs) and epoxide hydrolases (EH) and downregulates certain Cyp450s. Each of these alterations in enzyme activities would affect the intracellular concentration of the epoxide, hence modulating the levels of DNA adducts. Experimental protocol. Effects of sulforaphane on transcriptional responses were evaluated in the livers of male Sprague-Dawley rats.
• Indicates start of AIN76A diet; ↓ Indicates gavage with sulforaphane or corn oil. Each group consisted of 3 animals. Numbers of significant deregulated genes observed at 4 h in SF and AFB 1 -treated animals compared to the time-matched AFB 1 -treated controls which were assigned to their biological function categories. Numbers of significant deregulated genes observed at 24 h in SF and AFB 1 -treated animals compared to the time-matched AFB 1 -treated controls which were assigned to their biological function categories. SF-induced alteration of common metabolic pathway in liver of 24 h rats. ↑ Indicates upregulation of gene expression. ↓ Indicates down-regulation of gene expression. G, glucose; PEP, phosphoenolpyruvate; PKLR, pyruvate kinase; P, pyruvate; DLAT, E2 component of the pyruvate dehydrogenase complex; PDH, pyruvate dehydrogenase; AcCoA, acetyl-CoA; C, citrate; IC, isocitrate; αKG, α-ketoglutarate; M, malate; MDH, malate dehydrogenase; OA, oxaloacetate; ME, malic enzyme, PEPCK, phosphoenolpyruvate carboxykinase; ACLY, ATP citrate lyase; FASN, fatty acid synthase; ELOVL, elongation of long chain fatty acid protein; MaCoA, Malonyl-CoA; FA, fatty acid; FACoA, fatty acyl-CoA, CPT, carnitinepalmitoyltransferase; AcCarnitine; acylcarnitine; ECH, enoyl CoA hydratase; GSH, glutathione. Table 3 Genes deregulated by SF in liver of AFB 1 -treated rats compared to the time-matched AFB 1 -treated controls. Table 4 Gene ontology showing SF enhanced gene classes in rats sacrificed 4 h after treatment with AFB 1 . 
Gene ontology Category
Gene
